Introduction and overview
Obstructive sleep apnea (OSA) is a leading public health problem, affecting 5e15% of adults, 1 and it is associated with repetitive episodes of transient oxygen desaturation during sleep (caused by partial or complete obstruction of the airway), resulting in cyclical, intermittent hypoxia and sleep fragmentation. There is growing evidence that OSA is an independent risk factor for cardiovascular disease, 2, 3 although the pathogenesis is not completely understood.
Although the mechanism for the initiation of cardiovascular disease has not been fully established, one theorized mechanism is the intermittent hypoxia produced by the frequent respiratory events. 4 The repeated episodes of hypoxia followed by re-oxygenation that occur in the context of OSA are proposed to result in oxidative stress and increased production of reactive oxygen species (ROS). 5 The formation of oxygen free radicals from intermittent hypoxia and reoxygenation is thought to lead to activation of transcriptional factors such as nuclear factor-kappa B (NFkB) that upregulate the expression of adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule (VCAM-1) and cytokines (such as tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), IL-6, IL-8, and chemokines). 4,6e8 Inflammation is recognized as playing a role in all stages of the atherosclerotic disease process; for this reason, evaluation of circulating biomarkers of inflammation, including adhesion molecules, has become recognized as a useful tool for identifying patients at high risk for future cardiovascular events. 9 Since OSA is associated with elevated cardiovascular risk, and inflammation plays an important role in the development of cardiovascular disease, it is reasonable to suspect that OSA may confer risk through an inflammatory mechanism. As adhesion molecules are a key component of the inflammatory process, it is likely that, if OSA is associated with increased inflammation, OSA will also be associated with increased adhesion molecules. Further, it is possible that these elevations in adhesion molecules could be ameliorated with treatment of OSA.
Cell adhesion molecules are cell surface proteins involved in the binding of cells (usually leukocytes) to endothelial cells or to the extracellular matrix. 9 The adhesion of circulating leukocytes to the endothelial cells is believed to be one of the initial steps in the pathogenesis of atherosclerosis. 10, 11 In both animal and human models of atherosclerosis, the adherence of monocytes and lymphocytes to the intact endothelial lining is one of the earliest detectable events in atherosclerosis.
11e13
Adhesion molecules can be measured in the circulation. The shedding of cellular adhesion molecules from the surface of an activated endothelium via proteolytic cleavage allows for measurable plasma levels of soluble cellular adhesion molecules. Although cell-bound adhesion receptors are challenging to study in vivo, circulating levels of soluble VCAM-1 (sVCAM-1) have been correlated with cellular VCAM-1 expression in the human aorta from samples obtained during surgery.
14 To our knowledge, there
have not been studies in vivo involving circulating levels of soluble ICAM-1 (sICAM-1) and correlation to cellular ICAM-1 in the human aorta. However, the assessment of soluble adhesion molecules may be useful biomarkers for stratifying disease risk and prognosis for atherosclerosis.
A graphical depiction of a proposed model, linking OSA to cardiovascular disease, and the potential role of adhesion molecules, is depicted in Fig. 1 . This review will do the following: provide first an overview of the evidence and mechanisms of OSA as an independent cardiovascular risk factor; provide a background on adhesion molecules in atherosclerosis and the process of leukocyte recruitment; synthesize the available literature on adhesion molecules in OSA; identify novel therapeutic modalities that consider cell adhesion molecules as potential therapeutic targets, and also suggest future research directions.
Obstructive sleep apnea, intermittent hypoxia, and cardiovascular disease
Obstructive sleep apnea and cardiovascular disease OSA is associated with a number of cardiovascular diseases such as heart failure, myocardial infarction, arrhythmias (including atrial fibrillation), systemic and pulmonary hypertension, and stroke. 15e 20 It has been suggested that cardiovascular consequences of OSA may appear even in the absence of classical cardiovascular risk factors. 21, 22 Thus, OSA has emerged as an independent risk factor for cerebrovascular disease and coronary artery disease.
2,23,24

Mechanisms for this relationship
There are a number of potential mechanisms for the cardiovascular consequences of OSA, including sleep fragmentation, obesity, and intermittent hypoxia.
Sleep fragmentation. Currently, there is a paucity of studies specifically linking sleep fragmentation to cardiovascular disease risk. Previous studies have found that fragmentation of sleep resulted in increased cortisol secretion, 25 which may be associated with increased sympathetic activation and metabolic changes. In addition, fragmentation of sleep has been shown to increase daytime sleepiness, which is a risk factor for a number of medical conditions. 26 Obesity. Obesity is highly comorbid with OSA and is the most common predisposing factor for OSA. As OSA interrupts sleep and causes daytime sleepiness, this can encourage inactivity, since selfreported physical activity decreases with increased sleepiness.
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Obesity also induces an inflammatory state, as adipose tissue has resident macrophages 33 and is an abundant source of proinflammatory cytokines such as TNF-a and IL-6. 34, 35 The common cooccurrence of obesity and OSA, and the fact that both states increase oxidative stress and inflammation, make it challenging to determine independent roles of OSA and obesity on inflammation. 36 It is possible that the effects of OSA on inflammation might be attenuated because of the effect of obesity itself. Conversely the effects of OSA could be amplified by the increased number of macrophages in fat 37 since they are the major source of proinflammatory cytokines. Recent data from the Icelandic sleep apnea cohort suggest that the latter is the case. 38 OSA is independently associated with elevated IL-6 levels in obese subjects but not in those with body mass index (BMI) < 30 kg/m 2 .
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Intermittent hypoxia. Intermittent hypoxia is a proposed mediator of cardiovascular disorders seen in OSA. The repetitive cycling of oxygen desaturation and subsequent re-oxygenation leads to a number of adverse outcomes at the molecular level, including mitochondrial dysfunction and an altered redox state. 39, 40 This leads to formation of ROS during the intermittent-re-oxygenation that is characteristic of intermittent hypoxia. This can be considered as a less severe variant of reperfusion injury when blood flow is restored following an ischemic episode. 39e42 ROS are highly reactive and can cause modifications of lipids, proteins, and other important molecules. They have been implicated in the activation of proinflammatory cascades and hypertension. 43e45 In support of this hypothesis, studies have demonstrated enhanced in vivo release of free oxygen radicals (unstable oxygen molecules which can damage cells) from neutrophils and monocytes in patients with OSA. 42,46e48 These alterations can cause an activation of redox-sensitive transcription factors such as NFkB, which cause changes in gene expression, leading to activation of an inflammatory process that participates in the development of atherosclerosis. 4,49e51 In this way, intermittent hypoxia may play an important role in a pathway that leads to atherosclerosis and, ultimately, the cardiovascular consequences of OSA.
Adhesion molecules
Among molecules that would be anticipated to be upregulated as part of this inflammatory response are adhesion molecules. The process of atherosclerotic plaque development is, however, multifaceted. Endothelial dysfunction is known to be caused by oxidative stress that precedes the development of atherosclerosis. 52, 53 In order to leave the vessel at sites of inflammation, leukocytes roll along the microvascular endothelium prior to arresting and transmigrating into inflamed tissue.
57e59 This phenomenon is illustrated in Fig. 2 , which depicts the general leukocyte recruitment process.
To facilitate this process, endothelial cells and leukocytes have complementary surface adhesion molecules, which briefly tether and release, causing the leukocyte to roll along the endothelium like a tumbleweed until it adheres with endothelial cells.
57,60
Types and functions of adhesion molecules Adhesion molecules are in three general families of proteins specifically involved in leukocyte trafficking: 1) selectins 2) integrins and 3) immunoglobulins.
Selectins. In post-capillary venules of the systemic circulation, leukocyte rolling on an activated endothelium is largely mediated by the selectin family of adhesion molecules. 57 Tethering and rolling are mediated by L-selectin, P-selectin, and E-selectin (where L, P and E stand for leukocyte, platelet, and endothelial, respectively). These interact with the P-selectin glycoprotein ligand 1 (PSGL1) and other glycosylated ligands. L-selectin is expressed constitutively by most leukocytes, whereas E-selectin and Pselectin are only expressed by inflamed endothelial cells (thrombin-or histamine-activated). 57 PSGL1 is the primary ligand for all three selectins and is expressed by leukocytes and also will interact with endothelial cells at sites of inflammation. Inflammation causes the upregulation of cell adhesion molecules and the interactions of selectins with their ligands enable flowing leukocytes in the blood to adhere to the inflamed endothelium.
57,59
Integrins. Once leukocytes adhere to an inflamed endothelium, this allows intimate contact with chemoattractants that come from endothelial cells. This initiates the activation of complex intracellular signaling networks that modulate adhesiveness of leukocytes and increases the expression of the integrins, which participate in slow rolling and mediating firm leukocyte adhesion on the endothelium. 58 The integrins are non-covalently-associated, heterodimeric cell adhesion receptors, consisting of a and b subunits. These subunits recognize the extracellular matrix, cell surface glycoproteins, and some soluble molecules such as fibrinogen.
57,58
Immunoglobulins. Members of the immunoglobulin (Ig) superfamily such as ICAM-1 and VCAM-1, which are the largest family of endothelial adhesion molecules, also interact with integrins. Leukocyte arrest (halting of rolling) is rapidly triggered by chemokines and other chemoattractants and is mediated by the binding of leukocyte integrins to ICAM-1 and VCAM-1 that are expressed by endothelial cells. 9 ICAM-1 is expressed at low levels on non-stimulated endothelial cells and is upregulated after exposure to cytokines. ICAM-1 is an 80e110 kDa glycoprotein and is a ligand for lymphocyte function associated antigen-1a (LFA-1; CD11a/CD18), which is a B2-integrin.
62,63 ICAM-1 plays an important role in migration of the leukocyte to the inflamed area, and it is essential for adhesion of any type of leukocyte to the apical surface of the endothelium. 59 ICAM-1 is strongly upregulated on endothelial cells by inflammatory mediators such as TNF-a. VCAM-1 is expressed minimally in a non-activated endothelium but is also induced after cytokine activation with a similar timecourse to ICAM-1. VCAM-1 is a 110 kDa glycoprotein. It is a ligand for very late antigen-4, which does not adhere to appropriate ligands until leukocytes are activated. It can be expressed by cell types such as macrophages, myoblasts, and dendritic cells. 64 TNFa also increases expression of VCAM-1, 65 which increases the likelihood that monocytes will adhere to the arterial endothelium, transmigrate from the intima to the media, and secrete TNF-a and other inflammatory cytokines.
9
Adhesion molecules as biomarkers of inflammation
In addition to being expressed on the cell surface, soluble forms of adhesion molecules have been detected in circulating blood and have been shown to retain their functional ability. 66 This facilitates their assessment as a potential biomarker of inflammation. However, there is limited evidence that the changes in soluble levels of adhesion molecules in the plasma reflect levels at the cell membrane. 67e71 Despite this, the adhesive events leading to normal diapedesis of mature leukocytes have become better characterized over the last 20 years. 57, 59, 60, 72, 73 Plasma concentrations of soluble adhesion molecules (sICAM-1 and sVCAM-1) are shown to significantly correlate with carotid intima thickness, which is an index of early atherosclerosis. 67, 74, 75 ICAM-1 is constitutively expressed by a variety of cells and correlates with C-reactive protein (CRP), providing similar predictive information to CRP in primary prevention for cardiovascular disease.
9,76,77 VCAM-1 is not expressed in baseline conditions but is induced by pro-atherosclerotic conditions in animals and humans. 78, 79 Thus, VCAM-1 does not appear as a risk factor in settings of healthy individuals without endothelial dysfunction, but is a significant risk predictor in patients suffering from pre-existing disease. 9 This is supported by sVCAM-1 being a significant predictor of future cardiovascular events in coronary artery disease (CAD) patients, diabetic patients, or those with unstable angina. 9, 80, 81 As cellular interactions are critical for the development of atherosclerosis, adhesion molecules serve as direct markers of cell activation and are essential mediators of the cellular associations contributing to the atherogenic process. 82 This is important, as cell adhesion molecules have been shown to play a crucial role in the formation of atherosclerosis and cardiovascular pathology (as described above).
Adhesion molecules and cardiovascular disease
Circulating sICAM-1 (but not sVCAM-1) is a consistent predictor of coronary heart disease risk. 76, 81, 83 Soluble ICAM-1 appears to be a proinflammatory marker and correlates with acute phase reactants like CRP, providing similar predictive information to CRP in settings of primary prevention. 9,76 Elevated levels of ICAM-1 have also been reported in patients with coronary heart disease and myocardial infarction, with high circulating levels shown to be a prognostic risk factor for future cardiovascular events.
76,83e85
Adhesion molecules in obstructive sleep apnea
Obstructive sleep apnea and inflammatory markers
Studies have assessed circulating levels of inflammatory markers as independent risk indicators of cardiovascular diseases. Examples include CRP, TNF-a, IL-8, and IL-6.
CRP is a prototypic marker of inflammation and stable downstream marker of the inflammatory process. 86 CRP is believed to have an active role in atherogenesis by causing expression of adhesion molecules and mediating monocyte chemoattractant protein-1 (MCP-1) induction. 87, 88 The role of CRP as a risk marker in OSA is controversial, as it demonstrates a strong relationship to obesity, attenuating its value as a specific marker of OSA-related cardiovascular risk. TNF-a is recognized as an important proinflammatory cytokine in the development of atherosclerosis. 89 Elevated TNF-a levels have been found in OSA patients in comparison to controls, 46 an effect that is independent of obesity. IL-8 is a chemokine, which plays an important pathogenic role in atherogenesis by mediating adhesion of neutrophils and monocytes to the vascular endothelium, 94 and enhancing oxidative stress. 94, 95 IL-8 levels are increased in OSA patients in comparison to controls matched for variables such as age and body mass. 90 Il-6 is a cytokine which stimulates production of proinflammatory CRP in the liver and is increased in obesity 96 and visceral fat. 97, 98 This cytokine is also associated with increased carotid intima-media thickness and surrogates of cerebrovascular disease. 93, 99 Il-6 release has been found to be 2e3 times higher in visceral than subcutaneous fat, and approximately 15e30% of circulating IL-6 levels come from fat tissue. 97 Some studies have found positive associations between OSA and IL-6 levels 36,38,100 and decrease with continuous positive airway pressure (CPAP) treatment. 101 Conflicting studies however, have found no associations between OSA and Il-6 levels 88, 90 or no change with CPAP treatment. 102, 103 Further studies are needed to evaluate the clinical value of this biomarker.
Upregulation of adhesion molecules in obstructive sleep apnea
Monocytes from OSA patients adhere avidly to unstimulated endothelial cells in culture, indicating the functional significance of the increased expression of adhesion molecules in OSA. 46 Moreover, in vitro studies of monocytes from patients with OSA show that they increased invasive ability compared to monocytes from controls. 104 The increased adherence of monocytes from patients with OSA to endothelial cells suggests that the repeated apnearelated hypoxic events result in endothelial and monocyte activation. In a rat model, recurrent OSA led to significant increases in various leukocyte-endothelial cell interactions such as leukocyte rolling and firm adhesion in experimental groups in which repeated obstruction for 3 h (rate: 60/h, length: 5 s) was conducted compared to a control group which was only instrumented, with no obstruction. 105 This may lead to endothelial dysfunction, which is the initial step leading to cardiovascular morbidity in OSA patients.
Circulating adhesion molecules in obstructive sleep apnea
Only a few investigators have examined levels of various cellular adhesion molecules and their relation to OSA, hypoxic stress, and cardiovascular risks in OSA patients (see Table 1 ). Ohga and coworkers measured circulating ICAM-1, VCAM-1, and L-selectin levels before and after sleep in seven male patients with OSA and six age-matched male controls. The circulating ICAM-1, VCAM-1, and L-selectin levels were all significantly increased in the OSA patients before sleep compared with the normal subjects. While this result is compatible with the proposed model, there was no increase in ICAM-1, VCAM-1 or L-selectin over the course of the night (which would be expected if secretion was triggered by hypoxic stress). 68 The correlation between adhesion molecule levels and level of hypoxia was not explored. ICAM-1, VCAM-1, L-selectin and E-selectin were also assessed in a study of 15 patients with moderateesevere OSA (apnea hypopnea index, AHI >¼ 20 events/h), relative to a control group without sleep apnea (AHI 5 events/h), matched for age, gender, BMI and the severity of angiographically-assessed coronary artery disease (CAD). Venous blood samples collected the morning after the sleep study showed significantly higher ICAM-1, VCAM-1, and E-selectin in the OSA group compared to the control subjects. The increased levels of adhesion molecules correlated with OSA severity (AHI) and oxygen desaturation index (desaturations per hour), but not with the severity of hypoxemia (percentage of time spent with oxygen saturation < 90%). Overall, the authors concluded that OSA increases the circulating levels of adhesion molecules.
71 By limiting this study to only patients with CAD, it was possible to compare circulating adhesion molecules while controlling for the presence of cardiovascular disease in patients with moderate-to severe OSA. The effects of OSA-induced hypoxia on circulating inflammatory mediators have also been explored. 70 Thirty-nine subjects with moderate-to-severe OSA (Mean AHI ¼ 50.5 AE 23.5) and 34 controls (AHI < 5 events/h) were matched for age, gender, BMI, smoking history, and presence of cardiovascular disease (measured by electrocardiography and blood pressure). Overnight polysomnography was performed and circulating ICAM-1 and VCAM-1 levels in serum were measured by enzyme linked immunosorbent assay (ELISA). Circulating levels of both ICAM-1 and VCAM-1 were significantly increased in the OSA subjects compared to the control group. There was a significant positive correlation between circulating levels of ICAM-1 and log (ln) of AHI (r ¼ 0.276, P ¼ 0.018). The authors concluded OSA may independently increase circulating levels of adhesion molecules. 70 As this study focused on the impact of OSA on the levels of adhesion molecules, results of the study may be confounded by differences existing in asymptomatic cardiovascular disease in the two groups. In another small study, Carpagnano et al. measured ICAM-1 and IL-8 levels in the 1) breath condensate, 2) plasma, and 3) induced sputum of 12 obese OSA patients, 10 non-obese OSA patients, 10 obese non-OSA subjects, and 8 non-obese, non-OSA healthy subjects using ELISA. 106 In the breath condensate, exhaled ICAM-1 concentrations were significantly greater in obese OSA patients, non-obese OSA subjects, and in obese non-OSA subjects, relative to healthy non-obese controls. However, the difference between OSA patients and obese controls was not significantly different. A significant increase in the plasma, IL-8 and ICAM-1 was observed in obese OSA patients, non-obese OSA subjects, and obese non-OSA subjects compared with healthy subjects. When these were assessed in plasma, ICAM-1 and IL-8 were found to follow an upward trend in obese OSA patients, but no significant difference was observed between the three groups of obese OSA subjects, nonobese OSA subjects, and obese non-OSA subjects. 106 As Carpagnano and coworkers enrolled obese subjects without OSA and OSA subjects who were not obese, they were able to explore the role of obesity. Their results suggest that obesity itself is responsible for systemic and airway inflammation. The results of this study also suggest the occurrence of a neutrophilic airway inflammation in both OSA and obese patients that potentially involves both ICAM-1 and IL-8. The increase in adhesion molecules was greatest in cases who were both obese and had OSA, which may explain the increased risk of developing cardiovascular events in this group. 106 A study in a larger group of OSA patients while controlling for obesity will be needed, however, to confirm these results.
Effect of continuous positive airway pressure (CPAP) on levels of adhesion molecules
CPAP is the most effective and widely used treatment for OSA. In a study by Ohga et al., 69 ICAM-1, IL-8, and MCP-1 were measured in serum before and after CPAP therapy in 20 male, untreated OSA patients with a mean BMI of 29.4 AE 1.4 kg/m 2 . Subjects had no history of cardiovascular, pulmonary, metabolic or neuromuscular disease. Results were compared with an age-matched control group of 10 males. There were no significant differences in age and BMI between the OSA and control groups, although the apnea index in the OSA group (AHI ¼ 38.9 AE 3.11 events/h) was much greater than that of the control group. CPAP was found to decrease circulating ICAM-1 and IL-8 levels significantly in the OSA patients (P < 0.05) relative to pre-treatment levels; although the study did not assess this statistically, the values following CPAP were comparable to values in the control group.
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In another study, Chin et al. investigated 23 patients with OSA with a mean BMI of 29 AE 5 kg/m 2 who were treated with CPAP.
ICAM-1 and E-selectin levels significantly decreased after CPAP treatment. 3e4 Days after CPAP had been started, the mean (AESD) soluble E-selectin level had decreased from 91 þ/À 45 ng/mL to 69 AE 28 ng/mL (P ¼ 0.002). After 1 mo, ICAM-1 decreased from 311 AE 116 ng/mL to 249 AE 74 ng/mL (P ¼ 0.02). After 6 mo, there was no further change in sVCAM-1 while the mean sICAM-1 decreased further (212 AE 59 ng/mL (P ¼ 0.02) as did E-selectin levels). It is important to note that only six subjects were studied after 6 mo. 107 Thus, treatment of OSA with CPAP may decrease the rate of progression of OSA-related cardiovascular disease. Future studies, with larger samples as well as studies in patients with different degrees of obesity with and without cardiovascular disease are needed to provide a full picture of the potential benefit of CPAP therapy with respect to reduction in adhesion molecules.
Limitations of existing studies
The existing studies have several important limitations. First, circulating adhesion molecule levels may not necessarily reflect the actual levels of adhesion molecules in the relevant tissue (the vessel wall).
Second, the status of the cardiovascular system may be an important confounder that has not been optimally addressed. Several clinical studies have demonstrated the release of soluble adhesion molecules into the plasma of patients with coronary artery disease, acute myocardial infarction, coronary artery surgery and transplantation. 83,108e110 If the presence of cardiovascular disease is not controlled for, it will not be possible to determine whether, if elevated adhesion molecules are found, they preceded the presence of cardiovascular disease, or whether the cardiovascular disease itself caused the elevation of adhesion molecules. Similarly, alcohol consumption should be adequately controlled for, as moderate alcohol intake has an anti-inflammatory effect on the cardiovascular system and reduces levels of ICAM-1, VCAM-1, and E-selectin. 111 Current studies do not consistently control for confounding variables such as obesity, cardiac status, hypertension, smoking, age, and level of exercise, in order to more clearly elucidate the independent relationship between OSA and cardiovascular disease. 112 Inconsistencies in covariates analyzed across the studies reduce the generalizability of the conclusions. Moreover, the studies linking adhesion molecules to OSA have very small sample sizes, often leaving studies without the statistical power to adequately test hypotheses and to address adequately confounding variables. Third, the majority of the studies take plasma samples on one occasion, and thus the temporal variation in concentrations that may be present before to after sleep is not evaluated. This limits the ability to directly assess the impact of the repetitive hypoxia during sleep. Also, the current studies of adhesion molecules are limited by not exploring cardiovascular endpoints related to OSA. Prospective studies that monitor untreated OSA subjects with no overt cardiovascular disease but with high levels of adhesion molecules will be needed. This data may provide important information regarding the predictive value of adhesion molecules to provide prognostic information about cardiovascular disease in patients with OSA.
Potential novel therapies and future research directions
Future research will allow for a more complete understanding of the role of inflammation in general, and adhesion molecules in particular, in the pathogenesis of cardiovascular disease in the context of OSA. This could drive initiatives toward future translational research studies of novel therapeutic approaches to the treatment of cardiovascular risk associated with OSA.
Progenitor cells
Progenitor cells can be isolated from circulating mononuclear cells, bone marrow, and cord blood. They may contribute to vascular regeneration directly via incorporation into newly forming vascular structures or indirectly via the secretion of pro-angiogenic growth factors, which enhance the overall vascular and hemodynamic recovery of ischemic tissues. 113, 114 Progenitor cells may either help to protect/repair the endothelium by interacting with microenvironment via integrins and promote plaque stabilization, or conversely participate in the pathogenesis of atherosclerosis by contributing to smooth muscle cell accumulation and inducing the narrowing of the lumen. 115 Further research is required in order to potentially manipulate vascular progenitor cells to control their trafficking to areas of damaged endothelium. 113 A study conducted by Hill and coworkers explored circulating endothelial progenitor cells (EPCs), vascular function and cardiovascular risk. 116 There was a strong correlation between the number of circulating EPCs and subjects' combined Framingham risk factor score (used to predict risk of coronary artery disease in persons free of clinical disease) (r ¼ À0.47, P ¼ 0.001). Overall, EPCs from high-risk subjects are both fewer in number and become senescent (biological aging) more rapidly than those from low-risk subjects. In healthy men, levels of EPCs may be a surrogate biologic marker for vascular function and cumulative cardiovascular risk. 116 As endothelial progenitor cells (EPCs) can repair injured vessels by homing to sites of ischemia and neovascularization, EPCs may have a cardioprotective role in OSA Obesity, not only OSA, cause systemic airway inflammation through adhesion molecule activation ICAM-1 and IL-8 levels higher in OO, NOO, and ONO patients compared to HS (not statistically significant) OO: 83.9 AE 3.9 pg/mL NOO: 62.6 AE 3.6 pg/mL ONO: 77.8 AE 1.8 pg/mL HS: 46.8 AE 1.6 pg/mL; p < 0.001 Positive correlation between ICAM-1 and IL-8 levels in exhaled breath condensate and plasma biomarkers AHI, apnea hypopnea index; CAD, coronary artery disease; ICAM-1, intercellular adhesion molecule-1; IL-8, interleukin-8; OSA, obstructive sleep apnea; PSG, polysomnography; VCAM-1, vascular cell adhesion molecule.
patients, and this may be more apparent in chronic as opposed to acute OSA subjects in whom neovascularization will more likely have occurred. There is a need for further research, as intracellular signaling pathways that regulate adhesion molecules and their role in the recruitment of progenitor cells to areas of inflammation are not entirely clear. Patients with OSA who are free of overt cardiovascular disease have been noted to have reduced circulating levels of EPCs. 117 However, the role of OSA in these processes needs to be clarified.
Antioxidant therapies
Given the postulated role of ROS, antioxidant therapy may have a potential role in the treatment of OSA. In a study by Christou and coworkers, although there was no significant difference found in the measurement of antioxidant capacity between OSA patients and the healthy sample, patients with severe OSA (AHI > 20 events/h, N ¼ 14) had a linearly negative correlation between antioxidant capacity in blood samples and AHI (R ¼ À0.551, P ¼ 0.041). 118 These results suggest that patients with severe OSA syndrome had less antioxidant capacity, and a reduced antioxidant capacity is an index of excessive oxidative stress. In another study, Barcelo and coworkers found decreased plasma levels of total antioxidant status (biological marker from plasma for oxidative stress), antioxidant vitamins A and E, and increased values of gglutamyltransferase (a marker for cardiovascular disease) in 47 patients with OSA compared with 37 healthy non-smoking males of similar age and BMI. This study suggests that an impairment of protective systems for oxidative stress exists in patients with OSA. 119 Cofta and coworkers assessed E-selectin levels and total antioxidant status in the blood of subjects with different ranges of OSA severity. They found progressively decreased concentrations of total antioxidant status and significantly increased concentrations of E-selectin with increasing severity of OSA subjects. 120 These data support the assertion that antioxidants may at least partially ameliorate inflammatory and, subsequently, cardiovascular consequences of OSA. This concept is supported by evidence from Grebe et al., who studied 10 untreated patients with OSA before and after intravenous injection of antioxidant vitamin C, compared to 10 age and sex-matched controls. 121 These investigators found that endothelial dysfunction as measured by flow-mediated dilation of brachial artery assessed by ultrasound in OSA patients can be acutely reversed with vitamin C. 121 With vitamin C, the values of endothelial vasoreactivity in patients with OSA rose to a level comparable to those of the control subjects without sleep-disordered breathing. This supports the concept that increased oxidative stress is likely to play a major role in OSA-related endothelial dysfunction. In summary, it has not been conclusively proven that increasing antioxidant activity will protect against the cardiovascular consequences of OSA. No prospective studies have explored antioxidant intake and the impact on adhesion molecules and cardiovascular outcomes in patients with OSA. However, if the endothelial dysfunction characteristic of OSA is a result of oxidative stress, it can potentially be reversed by administration of antioxidants. This is an area where there is a need for further studies.
Antibodies
Another potential intervention is the use of antibodies to affect specific molecules in the pathway to disease. 122 Animal studies have tested the possibility of blocking leukocyte adhesion molecules by antibodies to reduce venous ischemic injury. 123e126 More specifically, these studies have used different antibodies specific to different molecules, capable of inhibiting adhesion molecules of interest in order to prevent reperfusion injury in animal models of myocardial infarction. Initial animal studies suggest protective effects on ischemia/reperfusion and a beneficial effect in increasing the viable area of ischemia when treated with appropriate antibodies. However, when this theory was explored in a clinical trial, anti-ICAM-1 antibodies were not successful in ischemic stroke patients who were randomized to placebo or Enlimomab, a murine monoclonal anti-human ICAM-1 antibody. 127 The authors concluded that anti-ICAM therapy is not an effective treatment for ischemic stroke in the model studied and, indeed, may significantly worsen stroke outcome. 127 There were more adverse events with Enlimomab treatment than placebo that primarily involved infections and fever. Investigators followed up on these negative results with an animal study demonstrating that the administration of murine antibody preparation against ICAM-1 in rats elicits the host antibodies against the protein, activates circulating neutrophils and complement which may explain the mechanisms for central nervous system clinical deterioration that occurred with Enlimomab in acute ischemic stroke. 125 Overall, the current research suggests a need to further explore the therapeutic effect of antibodies in relation to preventing cardiovascular disease. Experimental results are variable and are further limited by the fact that upregulation of adhesion molecules following tissue damage may be a physiological response that is important for the repair process. Studies in pre-clinical models such as those involving administering cyclical intermittent hypoxia in rodents would seem a useful approach.
Conclusions
OSA is a known risk factor for the development of cardiovascular disease. One proposed pathway is through intermittent hypoxia, which increases ROS, leading to chronic inflammation (including upregulation of adhesion molecules) e a major risk factor and biomarker for atherosclerosis risk.
During respiratory effort in OSA, it appears intrathoracic pressure is also a mechanism that is causative in the development of coronary artery disease in addition to other factors (i.e., airway collapse, hypoxemia). However, other physiologic mechanisms and their cardiovascular consequences have yet to be studied in the context of adhesion molecules.
The observational studies to date suggest that adhesion molecules are elevated in OSA and hence could contribute to cardiovascular disease. Methodological limitations of current studies, however, must be acknowledged. The results of these observational studies are supported by a small number of CPAP intervention studies, but these investigations have very small sample sizes and do not adequately address obesity and other potential confounders. Larger-scale studies with well-defined patient and control populations and repeated measurements of adhesion molecules before and after sleep are lacking. Prospective studies are needed to clarify the link between the levels of adhesion molecules in OSA subjects and subsequent cardiovascular outcomes.
Cellular interactions are critical for the development of atherosclerosis. Thus, there is a need to understand the precise mechanisms by which adhesion molecules exert effects and enter/exit the bloodstream. Adhesion molecules may serve as a biomarker of cell activation that contributes to atherosclerosis, which may prove useful for risk stratification. Since oxidative stress seems an important part of pathogenesis, OSA subjects who do not tolerate CPAP therapy may potentially benefit from the addition of antioxidant supplements. Further research is required to understand the effects of both CPAP treatment and novel therapies reviewed above on the cardiovascular consequences of OSA. Future therapies directed toward inhibiting adhesive interactions may also be useful in order to slow the development of atherosclerotic plaques. Thus, the diagnostic and therapeutic usefulness of focusing on adhesion molecules in OSA remains to be ascertained, and opportunities exist for clinical research in this area with the goal of translating findings to treating patients with OSA. Practice points 1) Adhesion molecules include three general families of proteins known as selectins, integrins, and immunoglobulins, which are involved in leukocyte recruitment. These molecules serve the important purpose of facilitating the function of leukocytes along the endothelium during inflammation. Because of this function, they may play an important role in the development of cardiovascular disease risk, particularly atherogenesis, in patients with OSA. 2) Few studies have explored adhesion molecules present in OSA, and increased circulating adhesion molecules including ICAM-1 and VCAM-1 have been observed. The small sample sizes of the study and inconsistent control of confounders necessitate further research. 3) Elevated levels of adhesion molecules in OSA may return to baseline following CPAP treatment.
Research agenda
1) Future longitudinal studies that monitor untreated OSA subjects with no overt cardiovascular disease but with high levels of adhesion molecules will be needed. 2) Additional studies should explore the effectiveness of CPAP on decreasing adhesion molecules and improving cardiovascular outcomes.
3) The clinical role of assessing adhesion molecules in OSA with respect to the cardiovascular complications of the disorder will need to be clarified. 4) There is a need for additional studies on novel therapies directed toward inhibiting adhesive interactions in order to affect the development of atherosclerotic plaques and reduce cardiovascular consequences of OSA.
